In solution-based chemistry butadiyne linkage through the homocoupling reaction of alkynes is a versatile tool for the synthesis of π-conjugated polymers, scaffolds and networks. To date this strategy was actively implemented towards chemical synthesis at interfaces. In this review paper we summarize recent advances in the syntheses of 1D wires, 2D single-layers and thin films of graphdiyne-related carbon materials at interfaces and their potential applications in nanotechnology. With a high degree of π -conjunction, uniformly distributed pores and tunable electronic properties such 2D all-carbon networks with butadiyne linkages also known as 'graphdiynes' have been successfully employed in the field-effected emission devices, solar cells, for Li ion storage and oil water separation, and as catalysis or chemical sensors.
Introduction
Carbon plays a special role in all known forms of life. Besides the major naturally occurring "bulk" allotropes such as diamond and graphite (sp 2 -hybridized) carbon exists in a large variety of lowdimensional structures (Figure 1) . The discovery of fullerenes, [1] carbon nanotubes, [2] and graphene [3] with their extraordinary structural, mechanical, physical, and chemical properties has revolutionized science and technology. Contrary to the sp 2 case, carbon atoms featuring exclusively sp hybridization can form only one structure − the linear allotrope carbyne. [4, 5] When sp 2 -and sp-hybridized carbons are combined versatile bonding schemes can be obtained, leading to novel, non-natural allotropes, most prominently represented by graphyne (GY) [6] and graphdiyne (GDY) [7] [8] [9] [10] and their variations. In contrast to graphene, GY and GDY are predicted to have a more complex electronic structure with directional DOI: 10.1002/andp.201700056 anisotropy and non-equivalent Dirac points and an appreciable band gap within a range from 0.46 to 1.22 eV, depending on the applied methods and exchange-correlation functional. [8] Moreover, their uniform pores and chemically-active triple bonds are expected to add more chemical and physical versatility as found in graphene. Therefore, theoretical studies thave predicted interesting electronic, [14] [15] [16] [17] optical [18] and mechanical properties [19] [20] [21] [22] [23] [24] [25] of GY and GDY for applications in holetransporting materials, [26] transistors, [27] field emission devices, [28] battery, [16, [29] [30] [31] [32] [33] gas separation, [34] [35] [36] [37] [38] [39] [40] [41] desalination, [42] [43] [44] [45] catalysis [46] [47] [48] [49] and sensors. [50] From the technological view point an appealing approach towards 2D all-carbon networks and scaffolds is associated with the use of templating metallic substrates. Hence, a large diversity of sources of C-precursors can be used in the synthesis of 2D sp 2 -hybridized carbon networks employing high temperatures or pressure under Chemical vapor deposition (CVD) conditions. [51] However, this approach has revealed only low atomic precision producing a high number of structural defects and short-range domains. To avoid these disadvantages, organic chemists explored total-synthesis-type approaches to expand polycyclic aromatic hydrocarbons. Main materials defined as molecular models for graphene and related structures were obtained by novel synthetic bottom-up protocols. Using designed molecular precursors in combination with modern advances in molecularresolution imaging via scanning tunneling microscopy (STM) these protocols give access to the synthesis of macrocyclic π -systems with achieved atomic accuracy and represent a unique tool for the realization of novel functional nano-architectures and networks. [52] Through Ullmann-coupling of aromatic precursors with halogen leaving groups (such as bromo or iodo substituents) Müllen and Fasel [11, 12] carried out the controlled synthesis of graphene nanoribbons (GNRs) exhibiting atomically precise width under UHV-conditions on Au(111) substrates. A careful design of a series of pre-synthesized organic precursors allowed to control the shape and chemical composition of GNRs revealing armchair graphene nanoribbons (GNRs) (Figure 2a) , chevron-type GNRs (Figure 2b) , [11] nitrogen-doped GNRs (Figure 2c ) [12] and zigzag GNRs (Figure 2d ,e). [13] For long decades the rich chemistry of the acetylenic functional group has been intensively used for the preparation of medium-sized scaffolds featuring subsections of GY and GDY via solution approaches (Scheme 1a). Advanced synthetic protocols have been developed to prepare carbon-rich compounds by oxidative Cu-mediated [53] [54] [55] [56] [57] [58] or Pd/Cu-catalyzed oxidative acetylenic coupling to generate buta-1,3-diyne-1,4-diyl fragments and Sonogashira crosscoupling reactions to form aryl-acetylenic bonds. [59] These reactions have been widely explored by organic chemists for the preparation of a variety of substructures of GY and GDY such as benzannellated dehydro [12] -and [18] -annulenes (Scheme 1b). [53, 54] This enabled the monitoring of a variety of physical properties as a function of the oligomer size revealing reliable correlation of structure and properties.
Florian Klappenberger obtained his
PhD in 2004 from the University of Regensburg, Germany, where he studied electron transport in semiconductor diodes in intense THz fields. During his postdoctoral activities at EPF Lausanne, Switzerland and TU München he focused on the design and investigation of surface-confined functional molecular nanostructures and organic thin films. For the comprehensive physico-chemical characterization he pushed forward the STM+XS approach based on combining complementary information from scanning tunneling microscopy and X-ray spectroscopy. In 2012 he has accomplished a habilitation at the TU München and where he became group leader in 2013. Currently he is Acting Professor at the TUM Department of Physics. Recently, the alkyne homo-and crosscoupling reactions on noble metal surfaces in UHV under soft conditions have been achieved. The pertaining C-C covalent bond formation (Scheme 1c) presents a new approach towards discrete compounds or polymeric networks with a fully conjugated backbone. [60] [61] [62] A number of excellent reviews have been written highlighting the properties and applications of modern non-natural carbon allotropes. [10] This report is limited and focused on the recent advances on synthesis of GDY carbon allotropes at interfaces and their applications in nanotechnology directly associated to the GDY structural motif.
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www.advancedsciencenews.com www.ann-phys.org Chemistry-based bottom-up approaches. Ullmann-type coupling reaction schemes (up) and STM images (bottom) of N = 7 GNRs (a), chevrontype GNRs (b) and N-GNRs (c, scale bar, 2 nm). Reproduced with permission. (a) [11] , (b) [12] Copyright 2010, 2014, Springer. Reaction schemes (up) and constant-height nc-AFM frequency-shift images (bottom) of 6-ZGNR (d, scale bar, 1 nm) and edge-modified 6-ZGNR (e, scale bar, 1 nm). Reproduced with permission. [13] Copyright 2016, Springer. activated aryl dehalogenation followed by C-C bond formation revealing evolution of corrosive and hazardous halogens as byproducts. [11] [12] [13] In contrast, the Glaser-type homocoupling of acetylenes generates solely hydrogen as by-product (Figure 3a) . Combined with rational precursor design, it can provide a large palette of all-carbon 2D-materials, i.e., well-defined atomic arrangements with specific bond sequences, with pores widely tunable in size and shape. Recently, we provided a deep survey on single crystal metal-surface assisted synthesis of nanoarchitectures from terminal alkynes in UHV emphasizing the differences in the coupling mechanism from solution-based reaction conditions. [55, 63, 64] . In the following part of the review we describe www.advancedsciencenews.com www.ann-phys.org Scheme 1. Designed total-synthesis-type approaches to carbon allotropes and carbon-rich analogs based on oxidative acetylenic coupling to generate buta-1,3-diyne-1,4-diyl fragments and Sonogashira crosscoupling to form aryl-acetylenic bonds (a). (b) A series of benzannellated dehydroannulenederived substructures of GY and GDY. Reproduced with permission. [53] Copyright 2008, De Gruyter. (c) Surface-assisted homo-and crosscoupling reactions on the noble metal surfaces in UHV. Reproduced with permission. [60, 62] Copyright 2012, Springer. Copyright 2016, ACS. in more details recent achievements gaining further insights in the field. The very first example of the observation of on-surface synthesized GDY-related structures by STM was achieved in 2012, when Barth, Klappenberger and Ruben [60] deposited compounds 1 and 2 on a Ag(111) surface (Figure 3b) . After annealing at 400 K, the molecules were homocoupled leading to 2D irregular, openporous networks exhibiting locally-ordered domains with honeycomb motifs as repeating units (Figure 3c) .
A reduced thermal treatment to only 300 K of the pristine organic layers formed by molecule 1 induced highly selective dimerization leading to the molecular structure 5. However, upon subsequent thermal activation the interference of spurious side reactions was observed, whereby no long-range order network could be detected. Moreover, when 5 was employed as pre-synthesized monomer on Ag(111) irregular oligomerization occurred as well. [64] The analysis of the reaction products reveals formation of 2D conjugated irregular, open-porous networks similar to the one produced from compound 1. In a similar manner, when the linear ditopic terphenylene derivate 3 was deposited on Ag(111), a hydrocarbon scaffold containing various connection motifs between up to five molecules was observed. [64] Almost simultaneously, Fuchs et al. utilized the organic layers formed by molecules 4 featuring alkane side chains onto Au(111). [61] Analysis by means of UHV-STM unambiguously proves the oligomerization of all employed molecules via the covalent coupling of the alkyne functions: with the STM tip oligomers can be moved without destroying the connections, although also here several types of side product could be identified.
Apart from the targeted butadiyne products as a result of homo-coupling reaction, various coupling motifs resulting from covalent coupling of up to four monomers (Figure 4a) were observed. These revealed different side-reactions as E/Z hydrogenation, multiple insertion reactions or alkyne trimerization (Figure 4b) , which provides bifurcation points with benzene core structures within the formed 2D networks (VI).
In order to overcome obvious obstacles in the fabrication of regular GDY networks and to improve the control over on surface processes several approaches have been developed, such as geometrical shielding of the butadiyne linkage or templating on vicinal surfaces [55] . Indeed, Fuchs et al [61] introduced ortho substituents next to the alkyne functionality resulting in 1,4-diethynyl-2,5-dihexylbenzene 6 (Figure 5a) . Thus, bulky side groups in close proximity of the alkyne functions in combination with the Ag(111) surface lead to the selection of the linear C-C homo-coupling over other covalent coupling schemes as confirmed by the statistical analysis of the formed products. In a strategically similar approach, Wu et al. [65] demonstrated the formation of 1D covalently-bounded GDY molecular chains as the main product after annealing of 2,5-diethynyl-1,4-bis(phenylethynyl)benzene 7 (DEBPB) on the Ag(111) surface (Figure 6 , right). The relatively high yield of ca 70% clearly confirms the effectiveness of the steric shielding by the bulky phenylethynyl-group.
Alternatively, a templating approach can achieve the formation of long polymer chains and simultanous suppression of chain branching by using the high index surfaces. Consequently, to direct C−C coupling reaction towards linear butadiyne scaffolds, Barth, Ruben and Klappenberger used the Ag(877) vicinal surface to enhance the chemoselectivity (Figure 5b) .
[64a] The preferential absorption sites of compound 3 were identified in the low concentration regime when molecules were evaporated onto Ag(877) substrates held at 186 K. The molecules bind preferentially to the lower step edges with their aromatic backbone parallel to latter (Figure 5b ). Regular alignment close to the step-edge retains favorable even at saturation representing the ideal pre-reaction ordering. After annealing at 450 K, 1D extended-GDY wires with lengths reaching 30 nm have been obtained. The consistence and stability of newly formed bonds have been proved finally via insitu chain manipulation through laterally displacing the STM tip. A first valuation of its electronic properties by means of DFT calculation avowed the GDY nanowires as 1D semiconductor with a presumably favorable, simple electronic band structure.
[64a]
Terminal alkynes can easily react with metal atoms forming acetylides, in particular silver acetylides, which have been considered as the most powerful reactant in the transformation of alkynes. [66] Notwithstanding, there is only a limited number of reports, where formation of organometallic nanostructures at surfaces has also been achieved. Therefore, the interaction of the terminal alkynes with surface metal atoms by using 2,5-diethynyl-1,4-bis(phenylethynyl)benzene 7 on Ag (110) and Ag (100) was shown to lead to the 1D organometallic molecular . Different lattice planes of the Ag substrates trigger the reaction pathways and main products: homo-coupling is dominant on Ag (111), while Ag (110) triggers the formation of highly oriented 1D silver-acetylide organometallic chains. Reproduced with permission. [65] Copyright 2015, ACS.
wires with a yield of almost 90% ( Figure 6 , left). [65] The detailed experimental and theoretical analysis in combination with studies on Ag (111) revealed a lattice-type dependence of the terminal alkyne reaction, which originates from the epitaxial matching degree between the respective periodicities of the produced molecular wires and the underlying substrate lattices.
Organometallic bonding of molecular precursors with alkynyl functionalities represents a great opportunity for the controllable fabrication of highly-regular low-dimensional all carbon nanoscaffolds (Figure 7a) .
Xu et al. [62] successfully explored dehalogenative homocoupling reactions of various terminal alkynyl bromides on Au (111) surface achieving the formation of dimer structures, 1D molecular nanowires and highly regular 2D molecular honeycomb networks of GDY nanostructures (Figure 7b, c) . From the interplay of HR-STM imaging and DFT calculations the stepwise nature of the chemical process was unraveled. At the first step, gentle annealing reveals the formation of a large area of C-Au-C organometallic networks. Upon increasing the annealing temperature to more than 420 K, 1D molecular wires ( Figure 7b ) and 2D molecular network ( Figure 7c ) with acetylenic scaffolds evolved. Despite the formation of corrosive and hazardous halogens as byproducts during the dehalogenative homocoupling reactions, this type of on-surface transformations provides an alternative approach for fabrication of regular low-dimensional GDYnanostructures.
Synthesis of Graphdiyne Films on Cu Foil in Solution
The bottom-up approach in combination with HR-STM molecular imaging in UHV at well-defined metal surfaces enables the investigation of chemical processes at single molecular level with deep inside into absorption geometries and chemical states of precursors, intermediates and products. Despite that, this (c) Molecular structure of tBEP 9; STM images of organometallic networks after deposition of 9 onto Au(111) at RT and slight annealing (left) and molecular network mainly with acetylenic scaffoldings after annealing to 450K (right). Reproduced with permission. [62] Copyright 2016, ACS. method is rather limited in terms of technological application for the production of the GDY at a big scale.
Combining the Cu salt as catalyst in solution and the metal catalyst in the UHV system, scientists tried to synthesize GDY films on Cu foil in solution in the presence of a base.
The first report of GDY synthesis on copper foil was described by Li's group in 2010, where an in-situ synthesis of GDY was achieved performing a cross-coupling reaction on copper foil with hexaethynylbenzene 10 (HEB) as starting material (Figure 8 ). [67] GDY growth on copper foil was carried out in a pyridine solution, where the precursor (HEB) reacted via cross-coupling reaction for 72 h at 60 ºC under argon atmosphere. The authors obtained a very large area of GDY film (ß3.6 cm 2 ) on copper foil www.advancedsciencenews.com www.ann-phys.org support, which allowed for directional growing of GDY film due to its large flat surface area. After transferring to a silicon substrate the film was examined and characterized employing techniques such as Raman spectroscopy, atomic force microscopy (AFM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). Figure 8b shows the SEM image of a split GDY film, where some curling in the GDY edge of the copper foil is observed signaling the flexibility of the GDY material. Further characterization was carried out employing AFM (Figure 8c ), which also allows for the study of the thickness of GDY film. An average thickness of 970 nm was obtained by the authors suggesting a multilayer arrangement. High resolution transmission electron microscopy (HR-TEM) was employed to obtain images from the multilayer film, whereby the lattice fringes of 4.19Å and the sharp spots of the selected area electron diffraction (SAED) pattern indicate a crystalline character of the atom arrangement within the film. [68] To gain insight in the homogeneity of the film, Raman measurements were performed in different positions of the film as shown in Figure 8d , where all the spectra exhibit four main peaks at: 1382.2, 1569.5, 1926.2 and 2189.8 cm −1 . Via a theoretical analysis [69] the peak at 1569.5 cm −1 can be attributed to a C=C aromatic stretching mode of the C 6 rings similar to the G band of graphene. The peak observed at 1382.2 cm −1 seems to be a new D' mode differing from those in graphene as it combines the involvement of sp 2 and sp carbon atoms. The presence of conjugated diyne links (-CࣕC-CࣕC-) is confirmed by the line at 2189.8 cm −1 . The peak at 1926.2 cm −1 originates from monoyne moieties and thus is a signature of remaining triple bonds not having undergone the homocoupling reaction. All modes exhibit a width much broader than in high quality graphene [70] indicating that further improvements of the structural quality are desirable for unfolding the full potential of graphdiyne.
The electrical properties of the film were probed using the Cu foil and Al films as bottom and top electrodes, respectively. The conductivity obtained was 2.5 × 10 −4 S m −1 . Despite encouraging, further investigation of the absence of the signature of Schottky contacts, which would be expected for a metal-semiconductor interface, [71] and the origin of the required charge carriers are necessary to understand the nature of this conductivity.
Recently, Li's group [72] utilized ZnO nanorod arrays as substrate, graphdiyne powder as starting material to grow related carbon nanofilms. The precursor powder was obtained using the in situ cross-coupling reaction conditions (vide supra). The nanofilms are continuous layers, which are grown on a substrate with a nanometric scale thickness (Figure 9a) .
In optical microscopy image a large continuous area, greater than 4.8 mm 2 , could be detected exhibiting a very smooth structure (Figure 9b ). Nanofilms with 22 nm thickness showed only very weak contrast with the substrate and were calculated to possess approximately 30 layers of graphdiyne (Figure 9c ).
Raman spectroscopy was employed for the further characterization of the nanofilm. Of the four characteristic peaks discussed above, the ratio of the intensity of the modes related to monoyne (ß1930 cm −1 ) and diyne (ß2180 cm −1 ) moieties compared to those which can be explained by sp 2 carbon atoms (ß1380 cm −1 , 1570 cm −1 ) is much smaller than theoretical predictions [69] and also smaller than in the previous synthetic approach. [67] The reduction of the high-energy modes indicates that the ZnO approach is partly attacking the triple bonds. HR TEM studies moreover showed streak on the film sample with distance between streak pairs of around 0.365 nm (Figure 9d) .
In order to probe the electrical properties of the such-prepared nanofilm a bottom-gate film transistor (TFT) on OTs/SiO 2 /Si, evaporating Au electrodes directly on the GDY film transistor, was realized. The study of the electrical performance was www.advancedsciencenews.com www.ann-phys.org conducted in over 100 devices yielding an average mobility of 30 cm 2 V −1 s −1 . These values are still far from the high theoretical expectations for an idealized GDY monolayer which amounts to 200000 cm 2 V −1 s −1 [73] but similar differences are known for the theoretical predictions of graphene and non-epitaxial films.
In 2015, Zhang's group [74] was able to synthetize for the first time graphdiyne nanowalls performing a modified Glaser-Hay coupling reaction (Figure 10a) . The nanowalls can be defined as interconnected 2D nanosheets vertically standing on a substrate. The Glaser-Hay coupling reaction was performed using a copper plate instead of a copper salt and an adjusted ratio of N,N,N',N'-tetramethyethylenediamine (TMEDA), acetone and pyridine. As metallic copper can be easily oxidized to copper ions in presence of base, these ions act as catalyst in the reaction. The modification has improved several aspects of the original reaction such as, the very rapid rate of the coupling reaction, as a result of carrying it out in a non-alkaline solution as acetone. Improvement of the yield due to the solubility of the reagents is enhanced and small acidity of the solution bias the precursor 6 (HEB) on a positive manner, making it more stable than in the original pyridine solution. Additionally, they have shown that graphdiyne nanowalls could be grown uniformly by adapting the N-ligands quantity.
The morphology of nanowalls, obtained by SEM, exhibits a continuous matrix of vertical constructed nanowalls with large voids (Figure 10b) . The cross-section suggests that the nanowalls are extraordinary uniform; around a hundred nanometers high on the whole surface. The measurements of the thickness of the nanowall films was achieved by AFM after measuring a mechanical exfoliated film transferred on a silicon surface, yielding a thickness of 15.5 nm (Figure 10c ). The high crystallinity in certain areas of nanowalls films was proven by HRTEM. The value of the lattice fringe was 0.466 nm in consistence with theoretical values. Furthermore, another crystal form is present in the film suggesting curved graphdiyne sheets, evidenced by the value of the lattice parameter (0.365 nm), which is larger than that in graphene. The value of the graphdiyne nanowall is faintly larger than that of the graphene, indicating that the graphdiyne is a more delocalized system.
The Raman spectra of nanowalls displayed the four common important peaks often observed in GDY at 1383.7, 1568.7, 1939.8 and 2181.1 cm −1 . In this case, the triple bond related modes are much more prominent and indicate the improved structural quality of the GDY resulting from the nanowalls recipe. The fieldemission performance of graphdiyne nanowalls reveals, in a typical plot of emission density J versus the applied electric field, values of E to (turn-on-field) about 6.6 V μm −1 and a E thr (threshold field) of 10.7 V μm −1 (Figure 10f ). The value compared to vertical sheet of graphene is somewhat higher, owing to graphdiyne carrier lower mobility than in graphene. Although, the E to value of graphdiyne is still considered low among of the field emission of the commonly used devices, nevertheless, in general, graphdiyne nanowalls have exhibited good field emission properties, consistent with Flowler-Nordheim (F-N) theory (Figure 10g ), which has shown that the electron emission from nanowalls is a result of tunneling.
The use of a vapor-liquid-solid (VLS) growth process offers a series of favorable advantages to synthesize highly ordered, high-crystalline and almost defect-free nanomaterials. It offers as well a controllable approach to produce nanomaterials. This methodology has been combined with surface techniques such as coating with metals such as Au, Fe, Ni, etc., acting as catalyst.
The quest of new GDY nanostructures applicable in nanoelectronic field led to the synthesis of a different 1D form of GDY, known as GDY nanotubes (GDNT). Nanotubes are tubelike structures with nanometric scale, which in terms of aspect ratio are similar to nanowires, but unlike wires, tubes are hollow and might be single-walled or multi-walled. In this regard, Li's group [75] has performed the first attempts to fabricate GDY-based carbon tubes similar to graphene-CNTs employing an anodic aluminum oxide template, which one side was fixed to the Cu foil (Figure 11 ).
Applications of GDY-Materials
After the first theoretical predictions [76] GDYs have attracted now increased attention and research interest as promising materials, which can be seen from the increasing number of publications in the last decade. Thus, a set of GYs and GDYs have been not only predicted theoretically and their key properties (structural, mechanical, electronic etc.) estimated from ab initio calculations, but successfully synthesized and experimentally proved. This gives a strong impetus to further expansion of the palette of promising carbon materials and accelerates the development of modern carbon-based technologies progressing in applications of GYs and GDYs as materials for nanoelectronics, energy storage, as anode materials in batteries, as membranes for facilitating selective gas separation etc.
In this part, the experimental results and the current status and possible prospects of GDY-based nanohybrids are reviewed.
GDY-Based Nanohybrids as a Photo-and Electrocatalyst
Worldwide environmental issues, such as the treatment of waste water from the production of dye materials, textiles, and paint represent important pursuits for developing novel approaches based on the photocatalytical degradation of pollutions [77] . Inorganic semiconductor materials have been widely used in in this purpose. Among others TiO 2 , ZnO, CuO, WO 3 , MoO 3 etc have been extensively studied for the removal of organic contaminants due to its relative nontoxicity, low cost, and stable physical and chemical properties. However, there are several obstacles, for example, the large intrinsic bandgap of titanium oxide (3.2 eV for anatase and 3.0 eV for rutile) means that TiO 2 nanoparticles can only utilize the small ultraviolet fraction of solar light. [78] Composites with carbon-based materials like nanotube (CNT), singlewalled carbon nanotubes (SWCNTs) or graphene (GR) pose enhanced photocatalytic activity. [79] These include the enhanced absorptivity of pollutants, increased light absorption intensity, increased lifetime for the electron-hole pair, and an extended light absorption range. Along this line GDY is of particular relevance due to its delocalized π systems and since their properties can be tuned along with changes in their electronic and chemical configurations (Figure 12a) . Li et al. [78, 83] used hydrothermal reaction to chemically bond titania nanoparticles (P25) and GDY nanosheets together, forming a novel P25-GDY nanocomposite photocatalyst. In the photocatalytic degradation of methylene blue (MB) under UV and visible light irradiation, the rate constant when using the P25-GDY composite both is better than P25, P25-CNTs and P25-GR (Figure 12b) . Formation of chemical bonds between P25 and GDY effectively decreases the bandgap of P25 and extends its absorbable light range. This also is proved by the DFT calculation. [46] Such a nanocomposite photocatalyst may be a good candidate for waste water treatment.
In a similar way Venugopal's group [80] demonstrated enhanced photocatalytic activity of a GDY-ZnO nanohybrid prepared by the hydrothermal method. The rate constant of photocatalytic degradation on the both MB (Figure 12c ) and rhodamine B by GDYZnO nanohybrids was nearly 2-fold higher compared to that of the bare ZnO nanoparticles.
Three-component complex hybrid systems of pristine GDY with Ag/AgBr using graphene oxide (GO) as a crosslinkage have been developed by Chen et al. [81] Compared to Ag/AgBr, Ag/AgBr/GO, and Ag/AgBr/GDY, the Ag/AgBr/GO/GDY exhibits an enhanced photocatalytic performance ca. 8.9, 4.3, and 2.9 times toward the degradation of methyl orange (MO) pollutant under visible light irradiation, respectively (Figure 12d ). The GO not only acts as glue for hybridization GDY and Ag/AgBr nanospecies, but also performs synergistic effects with GDY sheets, promoting an efficient charge separation/transfer to enhance the catalytic performance. GDY is also found to reduce and stabilize electroless deposition of highly dispersed Pd nanoparticles. [82] The direct reduction of PdCl 4 2-with GDY conduced to the formation of Pd/GDYO nanocomposite with uniformly dispersed Pd nanoparticles. Combination of Pd nanoparticles distributed on the graphdiyneoxide -the oxidized form of GDY, show a more efficient catalytic performance to reduce 4-nitrophenol (4-NP) with sodium borohydride (NaBH 4 ) as a reductant as compared with those of Pd/GO, Pd/MWNT, and commercial Pd/C (Figure 13e) . [81] On the basis of E cutoff values of GDY and GDYO have been measured with ultraviolet photoelectron spectroscopy (UPS), [82] the parameters for GDY, GDYO and Pd/GDYO were also calculated. The reduction potential of GDY was estimated to be about −0.33 V vs SHE, which was lower than that of PdCl 4 2− ion (+0.62 V vs SHE), suggesting its ability as the substrate for electroless deposition of Pd (Figure 13f) . The reduction potential of GDY is even lower than those of other kinds of carbon allotropes such as carbon nanotubes (+0.50 V vs SHE) and graphene oxides (+0.48 V vs SCE) [84] suggesting GDY is the excellent reducing agent among all the carbon materials.
One of the most attractive topics of the modern science in the area of energy storage and environmental remediation is associated with water splitting by sunlight to produce hydrogen. GDY has been indicated recently as a promising hole transfer material to fabricate efficient photoelectrochemical water splitting cell (PEC) (Figure 13a) . [85] The PEC cell constructed by Wu and Zhang consists of assembled CdSe quantum dots (QDs)/GDY photocatode and Pt wire as counter electrode. GDY nanowalls synthesized on Cu foil demonstrate high specific surface area [85] , which stands for the existence of relatively strong π -π interactions between GDY and 4-mercaptopyridine surface-functionalized CdSe QDs. This leads to the beneficial hole transportation and enhancement of the photocurrent performance.
In the PEC cell test GDY, as the hole transfer layer, enhances the photocurrent performance of CdSe quantum dots (Figure 13b) . The photocathode evolves H 2 with about 90% faradic efficiency within 12 h.
Replacement of the expensive Pt-based electrocatalysts currently used in fuel cells and metal-air batteries is a major prerequisite in the development of renewable energies based on the catalytical oxygen reduction reaction (ORR). In this context, graphitic carbon materials modified by N substitution, or substitutional N-doping, have been recognized as powerful catalysts for the ORR.
Zhang et al. [86] prepared the N-doped GDY (Figure 14a ) by heating the GDY powder under high-purity ammonia mixed with Ar (10% NH 3 ) at 400 o C (N 400-GDY), 500 o C (N 500-GDY), 550 o C (N 550-GDY) and 600 o C (N 600-GDY), respectively. They find that N-doped GDY, as a metal-free electro-catalyst, especially N500-GDY, has a comparable electrocatalytic activity to commercial Pt/C catalysts for ORR in alkaline fuel cells and has a better stability and an increased tolerance to the cross-over effect ( Figure 14) . DFT calculations show that N-doping leads to high positive charges on the carbon atoms adjacent to the N atom, which attract electrons from the anode more easily and facilitate the ORR. The N-doped GDY may be applied in fuel cell or metalair batteries. Reproduced with permission. [87] Copyright 2016, RSC.
In 2016, the same groups [87] successfully prepared dualheteroatom co-doped GDY: NB-GDY (N and B), NS-GDY (N and S) and NF-GDY (N and F) by 700 o C thermally treated reactions (Figure 14a ). When as metal-free electrocatalyst for ORR test, the as-prepared NF-GDY exhibits comparable performance to commercial Pt/C both in half-cell (Figure 14c ) and full-cell configurations (Zn-air battery) (Figure 14d ), regarding its onset potential and limiting current density. It shows a much better stability as well as a higher tolerance to methanol crossover and CO poisoning effects than the commercial Pt/C. These doped GDYs have great potential for metal-free catalysts to be used as low-cost, efficient, and durable ORR catalysts.
Hijazi et al. [88] using cobalt meso-tetraethynylporphyrins as monomer in situ synthesized film on the multi-walled carbon nanotubes (MWNTs) surfaces through Hay coupling reaction and the multiple π -π interactions with porphyrin and MWNT (Figure 15a) .
XPS and TEM analyses show that multilayer of Co-porphyrins form an amorphous but robust film around the nanotubes. The MWNT-CoP hybrid was tested for ORR in a series of electrochemical measurements under acidic conditions. The ORR test under acidic condition (Figure 15b ) and rotating ring disk electrode (RRDE) measurements (Figure 15c) show that the MWNTCoP have better catalytic performances of reducing oxygen into water than physisorbed monomeric systems, with an average value of transferred electrons that is close to 4.
Electrocatalytical activity of GDY-based 3D materials has been demonstrated by Yang s and Li s groups. [89] Therefore, the selfsupported core-shell nanowires consisting of GDY as the shell and Cu as the core on Cu foams exhibit high cathodic catalytic activity for hydrogen evolution reaction (HER). Furthermore, catalysts comprising of GDY-cobalt nanoparticles wrapped by Ndoped carbon demonstrated unprecedentedly high catalytic activity over all values of pH.
Graphdiyne for Oil Water Separation
One of the most intriguing founding in the practical application of GDY is that the morphology of graphdiyne can be readily controlled not only on 2D copper foils, as well as by 3D copper foam surface, providing great superhydrophobic materials. In this way, Zhang's group [90] produced high specific surface roughness GDY nanowalls of the ref. 74 on a 3D commercially available and low-cost copper foam surface, then coated it with poly(dimethylsiloxane) (PDMS), and formed an extraordinary superhydrophobicity material (PGDCF) (with both in air (160.1°) and in oil (171.0°) (Figure 16a-d) ).
When used for oil/water separation, it exhibits both high efficiency and good recyclability (Figure 16e ). It also shows high mechanical resistance toward sandpaper abrasion cycles. This work opens a new window for GDY separation applications.
Graphdiyne for Li Ion Storage Applications
Taking into account an increasing demand for improvement of the capacity, rate performance, and life cycle of lithium-ion batteries (LIBs) the potential of GDY was further explored in the field of energy storage. There are several reports on application of GDY as high efficiency lithium storage materials and elucidate the method of lithium storage in multilayer GDY. Lithium-ion batteries featuring GDY-based electrodes exhibit excellent electrochemical performance, including high specific capacities, outstanding rate performances, and a long cycle lives.
Huang and Li's group [91] used in-situ multilayers GDY on Cu foil with scraped the GDY on one side as anode, pure Li foil as the counter electrode, formed a half cell Lithium-ion battery (Figure 17a) . It exhibits excellent electrochemical performance, including high specific capacities, outstanding rate performances, www.advancedsciencenews.com www.ann-phys.org , and GDY-3 (0.72 mg cm −2 , 30.9 μm), the GDY-1 shows the best electrochemical performance due to the higher specific surface area and smaller thickness. It shows reversible capacities of up to 520 mA h g −1 after 400 cycles at a current density of 500 mA g −1 (Figure 17b,c) . At an even higher current density of 2 A g −1 , cells incorporating GDY-based electrodes retained a high specific capacity of 420 mA h g −1 after 1000 cycles.
The same group [92] also tested the GDY powders as anode materials for lithium storage. The assembled GDY-based LIBs also exhibit excellent electrochemical performances, including a highly stable specific capacity of 552 mA h g −1 , for as long as 200 cycles at a current density of 50 mA g −1 , and outstanding rate performance. At current density of 500 mA g −1 , the reversible capacity is 266 mA h g −1 , which is less than the in-situ prepared GDY film on Cu foil as anode.
Furthermore, they prepared N-GDY films with NH 3 reaction on Cu foil and in-situ used them as electrode materials of LIBs to evaluate the properties of Li storage. [93] Compared with GDY in ref. 92 , the assembled batteries based on N-GDY electrode exhibit excellent electrochemical properties, containing higher reversible capacity, improved rate performance, and superior cycling stability. After 400 cycles at a current density of 500 mA g −1 , the batteries with a N-GDY based electrode exhibits a reversible capacity of 761 mA h g −1 , which is higher than 559 mA h g −1 for GDY. [92] The introduction of N atoms creates more heteroatomic defects and electrochemical active sites, thus enhances electrochemical performance. In addition, N-doping might be advantageous to minimize the surface side reactions and form stable interfaces, hence improving the electrochemical cycling stability of N-GDY electrodes.
Recently, the same group used bulk GDY as anode and an activated carbon (AC) as cathode to assemble a high energy and power densities Lithium-ion capacitor (LIC) (Figure 18a,b) . [94] This capacitor delivered an initial specific energy as high as 112.2 W h kg −1 at a power density of 400.1 W kg −1 , (about 190 Fg −1 at a current density of 200 mA g −1 ) (Figure 18e) , with 94.7% retention after 1000 cycles (Figure 18f ). More importantly, the GDY/AC LIC showed 178 F g −1 of specific capacitance even at a current density as high as 500 mA g −1 , revealing good rate capability, with energy density of 95.1 W h kg −1 at a high-power density of 1000.4 W kg −1 . Its superior electrochemical performances may be mainly attributed to its high specific surface area due to typical 3D porous channel and its conjugated 2D atomic layer structure (Figure 18b, c) .
Venugopal's group [95] also investigated the supercapacitor electrochemical properties of GDY. The GDY with carbon black and www.advancedsciencenews.com www.ann-phys.org (Figure 19h ). Moreover, it had excellent capacitance retention of about 97% over 1000 cycles (Figure 18i ). These results suggest that GDY have good possibility as an electrode material for supercapacitors.
Graphdiyne for Solar Cell Applications
Thanks to a physical phenomenon known as photovoltaic effect solar energy can be converted into electricity using an electronic device called "solar cell". Despite wide application in our life, there is still great demand in the improvement of their power conversion efficiency. Due to presence of both sp-and sp 2 -hybridized carbon atoms GDY possesses natural holes, resulting in many interesting properties with clever changes in their electronic, optic, and geometric characteristics. Different groups have successfully implemented GDY in the solar cells devices, demonstrating enhanced short circuit current (J sc ) and power conversion efficiency (PCE).
Deng and Li's group [96] introduced GDY into poly(3-hexylthiophene) (P3HT)/ [6, 6] -phenyl-C61-buytyric acid methyl ester (PCBM) bulk-heterojunction solar cells. When 2.5 wt% GDY doping, it performs 56% better PCE (up to 3.52%) with enhanced J sc by 2.4 mA cm −2 up to 10.0 mA cm −2 than the without doping one (Figure 19a ). This improvement can be attributed to better percolation paths, and better the electron transport efficiency provided by GDY.
Meng and Li's group [97] doped GDY into P3HT holetransporting material layer of perovskite solar cell with the device structure FTO/TiO 2 /CH 3 NH 3 PbI 3 /P3HT:GD/Au. As high as 14.58% PCE is achieved, better than the pristine P3HT-based solar cell (11.53%) (Figure 19b ). Raman spectroscopy and ultraviolet photoelectron spectroscopy measurements show that there is relatively strong π -π stacking interaction between GDY particles and P3HT, which increases the hole transportation. On the other hand, UV-vis spectra and SAXRD show that some GDY aggregates exhibit a scattering nature, which increase the light absorption in the long wavelength range. Additionally, the devices exhibit good stability and reproducibility.
Jiu and Li's group [98] doped GDY into PCBM layer of perovskite solar cell with structure (ITO/PEDOT:PSS/CH 3 NH 3 PbI 3 -xClx/PCBM:GDY/C60/Al). It increased the PCE from 13.5 to 14.8% and the J sc from 22.3 to 23.4 mA cm −2 compared to that of pure PCBM-based ones (Figure 19c ). Due to the delocalized π -systems and unique conductivity advantage, the GDY is supposed to improve the coverage of PCBM on the perovskite layer, electrical conductivity, electron mobility, and charge extraction.
Through a facile ion-beam sputtering, Ren et al. [99] deposited the Pt nanoparticles on GDY nanosheets formed a PtNP-GDNS nanocomposite. When it is used as dye-sensitized solar cells (DSSCs) counter electrodes, it improved the PCE up to 6.35% compared to 5.39% of Pt nanoparticles and 5.94% of rGO/Pt nanoparticle composites (Figure 19d ). This result is also comparable with the PCE of Pt foil with PCE 7.24%. This improvement can be contributed to the special "p-n" junction-like structure with improved catalytic activity and excellent electron transfer ability after introduction of GDY. . (h) Effect of discharge current density on the specific capacitance. (i) Capacitance retention over 1000 cycles measured using cyclic voltammetric method and the inset shows the Nyquist plot of GDY electrodes before and after cyclic tests. Reproduced with permission. [94] Copyright 2016, Elsevier.
Sensing Applications of Graphdiyne and Its Analogue
Biosensors in general are analytical devices that convert a biological response into an electrical signal. In this respect GDY owing to its high fluorescence quenching ability is used as a new platform for fluorescence sensing. The light harvesting and/or electron-conducting abilities of such a kind of nanostructures have been exploited for nanoquenching of dye-labelled and selfassembled onto the surface of nanostructures DNA via π -π stacking and/or hydrophobic interactions. Mao's and Li's groups [100] synthesized GDY oxide using acidtreatment method and applied it as fluorescence sensor of biomolecules such as DNA and proteins (Figure 20a) .
GDY oxide could quench the fluorescence of an organic dye (5-carboxyfluorescein (FAM)) labelled single-stranded DNA (P HCV , 5'-FAM-TAA ACC CGC TCA ATG CCT GGA-3') via van der Waals force and π -π stacking interaction between nucleobases and GDY. When T HCV incubated with the fluorescence quenched GDY oxide and P HCV HEPES buffer solution, the fluorescence intensity increased linearly with the concentration of T HCV within the concentration range from 0.017 nM to 0.4 nM. When challenged with a complementary DNA oligonucleotide, the hybridization with the complementary DNA oligonucleotide creates a double-stranded DNA (dsDNA), weakening the interactions between GDY and nucleobases and thereby liberating the dsDNA and ultimately restoring the fluorescence (Figure 20b,c) . The similar fluorescence sensor behavior is also observed in FAM-labelled thrombin-binding aptamer and thrombin with GDY oxide platform. This study essentially demonstrates a new 2D nanostructure-based, robust, technically simple, high selectivity and sensitivity fluorescent sensing platform.
Wu et al. [101] used the miniemulsion-template approach and Pd(II)-Cu(I) catalyzed homocoupling of terminal alkyne groups of 5,10,15,20-tetra(4-ethynylphenyl)porphyrin-Zn(II) to synthesize the Zn-porphyrin-based conjugated microporous polymer nanoparticles (Zn-Por NCMPs) as a colorimetric sensor of SO 2 (Figure 21a,b) .
As the Zn-Por NCMPs is of green color, after exposed to SO 2 , the Zn-Por NCMPs release pyrrodidine from the metal site and turn into red (Figure 21c ). This noncovalent displacement reaction is reproducible and reliable. The Zn-Por NCMPs were also coated on the test paper for rapid gas-solid interfacial detection. Using UV-vis spectroscopy, the broad peak at around 440 nm shows almost a linear decrease with stepwise added SO 2 solution. Thus the Zn-Por NCMPs material seems likely to quantitatively determine the concentration of SO 2 , from μM to 0.5 mM levels. (20 nM) and GD oxide (10 mg mL −1 ) before and after incubation of P HCV with T HCV , respectively. Excitation wavelength, 490 nm. Emission wavelength, 523 nm. Reproduced with permission. [100] Copyright 2016, RSC.
Conclusion
In this review, the syntheses and applications of combined sp and sp 2 hybridized carbon allotropes of GDYs and its modifications were discussed. The morphology of GDYs synthesized can be tuned by different synthetic methods, ranging from 1D nanowires or 1D nanotubes to 2D nanofilms, 2D nanowalls and 3D sponges. Although structurally more difficult to control as the respective graphene analogues, the intriguing properties of GDYs such as, natural band gap, uniform pores and chemicallyactive triple bonds have been tested in various fields such as catalysis, Li ion storage, solar cells, oil water separation, and sensor applications. Moreover, GDY can form composite materials with TiO 2 , ZnO, Pd and CdSe, contributing greatly to raising their properties such as photocatalyst or electocatalysis for water splitting and O 2 reduction. GDYs also show very high capacities and long-time cycle performance in Li ion battery and improve the polymer and perovskite solar cell performance.
Besides the synthesis of GDY film on Cu foil or Cu-foam in solution, the syntheses of atomically precise, flat 1D GDY wires and 2D single layer GDY analogues have been successfully realized via bottom-up approach on a single crystal metal surface in UHV condition. Though the chemoselectivity of the homocoupling reaction on planar metal surfaces is limited by various sidereactions. The implementation of steric hindrance, organometallic intermediates, or using the surface templating strategy have been proven to be powerful tools for recovering the chemoselectivity of homocoupling reaction.
Despite great efforts the synthesis of large areas of highly ordered single-layer GDYs exhibiting high crystallinity and few defects is still a big challenge. However, since GDYs represent an important novel class of 2D carbon materials with a multitude of appealing properties, this challenge will certainly be overcome in near future addressing a lot of novel interesting materials properties.
